acts early in the pathway of aldosterone biosynthesis so as to increase the biogenesis of aldosterone precursors or whether it acts late in this pathway, merely to enhance the conversion of corticosterone to aldosterone. It was reasoned that, if natropenia acts early in this pathway so .as to increase the adrenal synthesis of aldosterone precursors, then during sodium depletion there might be an increase in precursor secretion as well as an increase in aldosterone secretion.
Methods
The subjects of this study included six normal volunteers and one patient (C.W.) with hypopituitarism, who was maintained on constant doses of cortisol and thyroid replacement therapy. All subjects were maintained on constant diets analyzed for content of sodium and potassium. Sodium depletion was accomplished through the restriction of sodium intake to less than 15 mEq per day.
In most cases triamterene was administered in doses of 100 mg per day on the first 1 to 3 days of sodium restriction. Sodium repletion was accomplished by the rapid intravenous administration of physiologic saline in amounts sufficient to correct the calculated cumulative negative sodium balance, given on the day of resumption of high sodium intake. Daily 24-hour urine samples were collected and analyzed for content of sodium and potassium by flame photometry and for content of creatinine (18) .
The secretion rates of corticosterone were determined by a modification of the double isotope dilution derivative technique previously described (19) , but utilizing partial hydrolysis of the 3,21-diacetate of tetrahydrocorticosterone with 0.4% KHCO3 in methanol for 8 hours at room temperature instead of hydrolysis with acetylcholinesterase. Recovery of injected isotope through the hydrolytic procedure ranged from 58 to 84%. The secretion rate of aldosterone was determined by a double isotope dilution derivative method described previously (19 per ,umole) was carried out as previously described (21) . The THDOC diacetate was chromatographed successively in system IV for 16 hours (RTAC = 1.47) and system V for 24 hours (Rf = 0.11). The purified 3,21-diacetate of THDOC was then hydrolyzed to the 3-monoacetate by using 0.5 ml of 0.4% KHCO8 in dry methanol for 8 hours at room temperature. Two ml of distilled water was added, and the hydrolysis product was extracted into 10 ml of dichloromethane. After evaporation of the solvent, the 3-monoacetate was chromatographed in system V for 24 hours (RTAC = 0.81). Recoveries of the monacetate from the diacetate at this point ranged from 41 to 78%. The monoacetate was rechromatographed in system VI for 4 hours (RTAC = 1.13). Portions of the eluates from the final two systems were counted to check for constancy of specific activity, and the secretion rates were calculated. The double isotope dilution derivative technique for measurement of cortisol secretion rates was carried out as follows. One Ac of cortisol-4-14C was injected intravenously. Urine was collected for 24 hours and a onefifth to one-third aliquot was taken for analysis. The urine was extracted with dichloromethane; the aqueous phase was then hydrolyzed with j3-glucuronidase and extracted with dichloromethane. The dichloromethane was dried, and the residue was redissolved in ethanol. THE and THF were partially purified by chromatography in system VII for 9 hours, as previously described (22) . The radioactive areas corresponding to THE and THF were then eluted and acetylated with acetic anhydride-'H (10 uc per ,umole). The THE A,, and THF A,2 were then chromatographed successively in system VIII for 9 hours (THF A2 RDOCA = 0.84, and THE A2 RDOCA = 0.83) and system III for 6 hours (THE A,2 RDOCA = 0.80, and THF A,2 RDOCA= 0.55). The purified diacetates of THE and THF were dissolved in 0.45 ml methanol and cooled to O°C; then 0.05 ml of 3 M KBH4 in distilled water was added. After 5 minutes at 00 C, the 3a,11P,17a,21-tetrol-20-one; THE AC2 = pregnane-3a,21-diacetoxy-17a-ol-11,20-dione; THF A02 = pregnane-3a,21-diacetoxy-11P,17a-diol-20-one; and DOCA = A4-pregnene-21-acetoxy-3,20-dione. (20) .
reaction was terminated by addition of 0.1 ml of 10% HCO and 2 ml of distilled water, and pH was rapidly adjusted to the range of 4 to 6. The reduction products were then extracted into 15 ml of dichloromethane, and the organic phase was washed twice with 2 ml of distilled water and dried. To the reduction products 1 ml of methanol and 1 ml of 0.1 M periodic acid in 2%o pyridine were then added, and the mixture was allowed to stand at 250 C for 8 to 12 hours. Three ml of distilled water was added, and the 3-acetoxy derivates of etiocholane-l1,-17-dione and etiocholane-llPol-17-one were extracted into 50 ml of dichloromethane, washed twice with yi vol of distilled water, and dried. Recovery of 3-acetoxy-etiocholane-11,17-dione from THE A,2 ranged from 67 to 81%. Recovery of 3-acetyoxy-etiocholane-1lPol-17-one from THF A02 ranged from 33 to 69%. The 3-acetoxy-etiocholane-11,17-dione was chromatographed successively in system XI for 24 hours (RTAC = 1.22) and system X for 4 hours (RTAC = 0.79). The 3-acetoxy-etiocholane-11,6-ol-17-one was chromatographed successively in system IX for 4 hours (RDOCA = 1.0, and R! = 0.38) and system X for 4 hours (RTAC = 1.12). Portions of the eluates of the final two systems were counted and the secretion rates calculated as before. In this study, secretion rates as calculated from specific activities of THE and THF were in close agreement.
Results
Elimination of ACTH-dependent secretion of corticosterone. Early in the study it was recognized that much of the corticosterone that is produced by the human adrenal is secreted under the influence of were large compared with that of the aldosteronerelated production of corticosterone, it seemed possible that changes in corticosterone secretion rate induced by natropenia might be obscured. The effect of eliminating ACTH-dependent secretion of corticosterone is illustrated in Figure 1 . A normal subject maintained on high sodium intake secreted 54 ,ug of aldosterone and 2,200 Mg of corticosterone per day. Maintenance on low sodium intake for several days resulted in a rise in aldosterone secretion rate to 220 jug per day without a distinct change in corticosterone secretion rate. Dexamethasone was administered in doses of 0.5 mg every 6 hours to eliminate ACTH-dependent secretion of corticosterone. In response to dexamethasone, corticosterone secretion rate fell to less than 400 Mug per day, whereas the aldosterone secretion rate was not appreciably affected. Two additional studies also provided evidence that, in normal subjects on liberal sodium intake, approximately 90% of the corticosterone is ACTH de- pendent. In all subsequent experiments, therefore, the ACTH-dependent secretion of corticosterone was eliminated by the continuous administration of dexamethasone throughout the study.
Effect of sodium depletion on aldosterone, corticosterone, and cortisol secretion rates of normal subjects receiving dexamethasone (Table II) . With ACTH-dependent secretion of corticosterone eliminated by the administration of dexamethasone, it became relatively simple to demonstrate an effect of sodium depletion on corticosterone secretion. In three normal subjects aldosterone, corticosterone, and cortisol secretion rates were (24) . Whether physiologic Table II . The effects of ACTH are shown in Table IV . Three normal subjects, maintained on constant doses of dexamethasone and constant high sodium diets, underwent steroid secretion rate determinations during control periods and while receiving ACTH by constant intravenous infusion in the small doses of "0.06 to 0.08" U per hour for 24 hours. Under these conditions, ACTH induced distinct increases in cortisol secretion without appreciably affecting aldosterone secretion. In contrast, sodium deprivation induced distinct increases in aldosterone secretion without appreciably affecting cortisol secretion. Both ACTH and sodium deprivation were effective stimuli to corticosterone secretion.
Discussion
Although it has been known for many years that sodium depletion stimulates the secretion of aldosterone by the human adrenal cortex, it has never been clearly demonstrated whether the point at which this stimulation occurs is early in the biosynthetic pathway (to increase the availability of aldosterone precursors), late in the biosynthetic pathway (to enhance the conversion of corticosterone to aldosterone), or perhaps at both of these points. Ulick, Nicolis, and Vetter have shown that sodium depletion results in an increase in secretion of 18-hydroxycorticosterone. Whether this steroid should be regarded as the immediate precursor to aldosterone or as a side-product in aldosterone biosynthesis is not yet clear (6) . In the present investigation we have demonstrated that, under appropriate conditions, sodium depletion consistently increases the secretion of corticosterone and deoxycorticosterone. It is apparent, therefore, that the effect of sodium depletion is not limited to stimulation of the final step in aldosterone biosynthesis; it acts at some early step in the biosynthetic pathway, before the formation of deoxycorticosterone, to increase the availability of aldosterone precursors.
Further evidence that natropenia leads to increased formation of aldosterone precursors is derived from observations of patients with isolated inborn errors of aldosterone biosynthesis. Visser and Cost (25) The present study does not explain how natropenia increases the availability of aldosterone precursors. Nor does it entirely exclude the possibility that natropenia might, in addition to increasing the availability of precursors, have some effect on the conversion of corticosterone to aldosterone.
It has been suggested that angiotensin might be the mediator of the natropenic stimulus to aldosterone secretion (11, 12, 14) , and it has been observed that angiotensin acts early in the aldosterone biosynthetic pathway (5) . In designing the present study we preferred to make no assumptions as to whether angiotensin is the mediator of the natropenic stimulus to aldosterone secretion. The results of the present investigation indicate that natropenic stimulation of the aldosterone biosynthetic pathway is relatively specific in the sense that no stimulation of cortisol secretion was observed. Any agent that is postulated to be the mediator of the natropenic stimulus to aldosterone secretion must be similarly specific in its action. Up to the present time there has been disagreement as to whether angiotensin does or does not act to stimulate aldosterone secretion without simultaneously stimulating cortisol secretion (27) (28) (29) (30) .
It is possible that aldosterone and cortisol are synthesized by different cells. If so, the aldosterone-secreting cells appear to be responsive to sodium depletion but not to small doses of ACTH, and the cortisol-secreting cells appear to be responsive to ACTH but not to sodium depletion. Both types of cells respond to their respective stimulating agents with increased secretion of corticosterone. This -view would fit well with the following observations of the present study: 1) small doses of ACTH increase corticosterone secretion without affecting aldosterone secretion; 2) dexamethasone suppresses corticosterone secretion without affecting aldosterone secretion; and 3) sodium depletion, while not affecting cortisol secretion, does stimulate the production of aldosterone precursors.
Since corticosterone production is under dual control, being secreted both in response to ACTH and sodium depletion, corticosterone measurements cannot be substituted for measurements of cortisol in determining whether the action of a particular stimulus is limited to the aldosterone pathway. For example, a rise in cortisol in response to angiotensin would constitute evidence that angiotensin was not a specific stimulus of the aldosterone pathway, but a rise in corticosterone would not. Summary Experiments were designed to determine whether sodium depletion stimulates the conversion of corticosterone to aldosterone or whether it stimulates the biogenesis of aldosterone precursors. Steroid secretion rates were measured by double isotope dilution derivative methods. To eliminate ACTH-dependent steroid synthesis, the crucial experiments were performed in subjects receiving constant dosage of dexamethasone. Under these conditions sodium depletion caused consistent increases in aldosterone and corticosterone secretion rates without appreciably affecting the cortisol secretion rate. The effect of sodium depletion on the adrenal secretion of deoxycorticosterone was measured during continuous administration of both dexamethasone and Metopirone. In subjects receiving dexamethasone, Metopirone, and a low sodium diet, deoxycorticosterone secretion rates were consistently higher than-when the same subjects received dexamethasone, Metopirone, and a high sodium diet. It is concluded that sodium depletion stimulates the aldosterone biosynthetic pathway at some step before the formation of deoxycorticosterone so as to increase the availability of aldosterone precursors. This action is relatively specific for the aldosterone pathway and does not appreciably affect the secretion of cortisol. In contrast, small doses of ACTH were shown to stimulate the secretion of cortisol and corticosterone without appreciably affecting the secretion of aldosterone.
